Isolated soil DNA from an oak-hornbeam forest close to Cologne, Germany, was suitable for PCR amplification of gene segments coding for the 16S rRNA and nitrogenase reductase (NifH), nitrous oxide reductase (NosZ), cytochrome cd 1 -containing nitrite reductase (NirS), and Cu-containing nitrite reductase (NirK) of denitrification. For each gene segment, diverse PCR products were characterized by cloning and sequencing. None of the 16S rRNA gene sequences was identical to any deposited in the data banks, and therefore each of them belonged to a noncharacterized bacterium. In contrast, the analyzed clones of nifH gave only a few different sequences, which occurred many times, indicating a low level of species richness in the N 2 -fixing bacterial population in this soil. Identical nifH sequences were also detected in PCR amplification products of DNA of a soil approximately 600 km distant from the Cologne area. Whereas biodiversity was high in the case of nosZ, only a few different sequences were obtained with nirK. With respect to nirS, cloning and sequencing of the PCR products revealed that many false gene segments had been amplified with DNA from soil but not from cultured bacteria. With the 16S rRNA gene data, many sequences of uncultured bacteria belonging to the Acidobacterium phylum and actinomycetes showed up in the PCR products when isolated DNA was used as the template, whereas sequences obtained for nifH and for the denitrification genes were closely related to those of the proteobacteria. Although in such an experimental approach one has to cope with the enormous biodiversity in soils and only a few PCR products can be selected at random, the data suggest that denitrification and N 2 fixation are not genetic traits of most of the uncultured bacteria.
to 1 ϫ 10 4 different bacterial ribotypes occur per g of soil (7, 41) . Knowledge of the number of species (species richness) and the relative fraction of each of the different species (species evenness) within a soil is a prerequisite to understanding its biological activities, e.g., in the nitrogen cycle. Soils are known to be a significant sink and/or source for N 2 , N 2 O, and NO, and the last two gases have detrimental impacts on the atmosphere (9) . The microbial basis for the production and consumption of N 2 O and NO is complicated (8) . Both gases are formed in soils as side products in nitrification by either autotrophic or heterotrophic nitrifiers (42) . In denitrification, nitrate serves as an electron acceptor alternative to O 2 and is reduced to N 2 via nitrite, NO, and N 2 O. The enzymes catalyzing the different steps (NO 3 Ϫ 3 NO 2 Ϫ , nitrate reductase; NO 2 Ϫ 3 NO, either cytochrome cd 1 -or Cu-containing nitrite reductase, depending on the organism; NO 3 N 2 O, cytochrome bc-containing nitric oxide reductase; N 2 O 3 N 2 , Cucontaining nitrous oxide reductase) seemingly do not completely use up their respective substrates. This might also result in a partial release of NO and N 2 O to the atmosphere. In addition, bacteria that do not possess the full set of denitrification enzymes are known. For instance, some reduce nitrate to N 2 O but do not possess the N 2 O reductase (47) . Others involve only single steps; e.g., Escherichia coli performs nitrate ammonification and additionally converts N 2 O to N 2 (16) . In dinitrogen fixation, N 2 O is an alternative substrate to nitrogenase (6) . Thus, NO and N 2 O fluxes between soil and atmosphere result from complex and little-understood microbial activities which proceed simultaneously in soils (8) .
Molecular techniques provide relatively new avenues for studying bacterial communities participating in the biological N cycle. Since genes coding for the different enzymes of denitrification, N 2 fixation, and nitrification have been sequenced from diverse organisms, 0.5-to 1.0-kb gene probes can be developed which recognize the target DNA from a broad range of organisms by Southern hybridization. Alternatively, oligomer primers can be developed from strongly conserved motifs which allow the amplification of gene segments from purified culture or soil DNA by PCR.
In initial studies, this laboratory (17, 19) performed hybridization experiments with probes of genes coding for different steps of denitrification and for nitrogenase reductase (nifH) to screen for the occurrence of these genes in bacteria isolated from different soils and enriched in media. These studies were only of limited value, because the number of published sequences for the genes was small when the studies were initiated. Therefore, universal primers for PCR and "broad-band" gene probes recognizing denitrification genes of bacteria from all taxonomic affinities could not be developed then. Moreover, only 0.1 to 5% of the total population of soil bacteria can be cultivated by current methods (2, 24) . Earlier studies (17, 19) showed that N 2 -fixing and denitrifying bacteria occur abundantly in the upper soil layer (ϳ5-cm depth), but the majority of bacteria, which are still uncultured, could not be assessed then. Others employed the terminal restriction fragment length polymorphism (t-RFLP) pattern technique, which allows the determination of the number and abundance of numerically different ribotypes within the total amplified DNA (20) and can be taken to monitor gradients of denitrifying, N 2 -fixing, nitrifying, or other bacteria within aqueous sediments and soils (3, 14, 27, 34) but not their species identity. In a different approach, our laboratory isolated and purified DNA from different soil layers and also assessed the relative distribution of denitrifying and N 2 -fixing bacteria by hybridization with the now improved DNA probes (25, 26) . The quantification of the signal strengths obtained also indicated that denitrifying and N 2 -fixing bacteria predominantly occur in the upper soil layer and that their abundance decreases with the soil depth. Any information about the identities of the species of uncultured bacteria in soils can, however, come only from efforts to sequence their DNA.
Although we were well aware of the fact that only a rather limited range of bacteria can be identified by such a sequencing approach, the present study focused on amplifying segments of genes coding for nitrogenase reductase and for different steps of denitrification. To have an estimate of the total bacterial life in this soil, a gene segment coding for the 16S rRNA was also amplified from DNA of this soil by PCR. The PCR products obtained were cloned and characterized by sequencing. This is seemingly the first attempt to assess the biodiversity of denitrifying and N 2 -fixing microorganisms in parallel with the total bacterial population in an environmental sample. It provided unexpected results compared to data published for denitrifying bacteria in marine sediments (5, 32, 33) .
MATERIALS AND METHODS
Location of the soil sampling sites. Samples were taken at depths of 5 and 25 cm from cores of an alluvial, acid soil of an oak-hornbeam forest (Chorbusch Forest) located about 20 km west of the city of Cologne. This forest (51°02Ј50ЉN, 06°48Ј40ЉE) carries a largely undisturbed vegetation. Its soil is rich in nitrogen but low in phosphorus. Details of the soil parameters have been described in a preceding publication (26) . For comparison, some bacterial PCR products of a strongly acid spruce stand taken at a 5-cm depth at Villingen, Black Forest (48°02Ј30ЉN, 08°23Ј00ЉE) were also analyzed. This soil has also been characterized previously (25) .
Isolation of bacteria and extraction of DNA from the soil samples. For the isolation of bacteria, 100 mg of soil was vigorously mixed on a magnetic stirrer for 3 h in 50 ml of phosphate-buffered saline to get a homogeneous suspension. Then 50 l was plated on agar containing either yeast extract mannitol medium (YEM) or heterotrophic mineral medium (17, 25) and incubated at 30°C. Single colonies were obtained by isolating and repeatedly plating them on agar containing the media.
For the extraction of DNA from the different soils, samples were taken to the Cologne laboratory and used for the isolation not more than 1 day after sampling. The extraction was performed by conventional steps, exactly as described previously (26) . The pretreatment step is worth mentioning: soil samples (5 g) were suspended in 10 ml of 0.1% Na 4 P 2 O 7 in 10 mM Tris-HCl buffer (pH 8.0)-1 mM EDTA, incubated at room temperature (10 min), and centrifuged (10 min, 6000 ϫ g). This step removed most of the humic acids, free DNA, and other interfering substances but left the soil bacteria intact.
Primers used for PCR amplifications. Table 1 contains the information about the primers used to amplify the different gene segments encoding 16S rRNA, cytochrome cd 1 -containing nitrite reductase (nirS gene), Cu-containing nitrite reductase (nirK), nitrous oxide reductase (nosZ), and dinitrogenase reductase (nifH). The nosZ-F-nosZ-R and nifH-F-nifH-R primer pairs were newly developed and were, therefore, tested with DNA from laboratory cultures. Distinct PCR products of the expected sizes were obtained with DNA from the organisms listed in Table 2 . In these, the correctness of the amplification products listed in boldface was confirmed by sequencing. As expected, no PCR product for nosZ was obtained in the cases of Escherichia coli K-12 and Pseudomonas chlororaphis (12) .
PCR, sequencing reactions, and sequence comparison. The following steps were employed in the PCR: a 4-min hot start at 97°C before Taq DNA polymerase (MasterTaq kit; Eppendorf, Hamburg, Germany) was added; 1 cycle of denaturation at 96°C for 20 s, annealing at 65°C for 30 s, and elongation at 72°C for 30 s; 2 cycles of denaturation at 96°C for 20 s, annealing at 62°C for 30 s, and elongation at 72°C for 35 s; 3 cycles of denaturation at 96°C for 20 s, annealing at 59°C for 30 s, and elongation at 72°C for 40 s; 4 cycles of denaturation at 96°C for 20 s, annealing at 56°C for 30 s, and elongation at 72°C for 45 s; 5 cycles of denaturation at 96°C for 20 s, annealing at 53°C for 30 s, and elongation at 72°C for 50 s; 25 cycles of denaturation at 94°C for 20 s, annealing at 50°C for 45 s, and elongation at 72°C for 60 s; and an extension at 72°C for 10 min. The products obtained were purified with a Qiaquick gel extraction kit (QIAGEN, Hilden, Germany) and cloned into the pGEM-T-Easy vector (Promega, Madison, Wis.) according to the protocols of the manufacturers. The plasmids were transformed into competent E. coli XL1-Blue by the heat shock method described in reference 15. Sequencing was performed on an ABI sequencer using the ABI PRISM dye terminator cycle sequencing reaction kit (Perkin-Elmer, Foster City, Calif.). 
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Sequence data were compared with sequences in the National Center for Biotechnology Information data bank using the BLAST program (1). Alignment of DNA sequences was done with the CLUSTAL X program (39) , and phylograms were edited with TreeView (29) . Sequences of the PCR products were always analyzed by editing out primer sequences. Phylograms were constructed by the neighbor-joining method with 1,000 replicate trees (31) . The method of Kimura was employed to correct for multiple substitutions (see reference 39) . Nucleotide sequence accession numbers. Nucleotide sequence accession numbers were AF315402 to AF315425 and AY072242 to AY072262 for the 16S rRNA, AF315434 to AF315457 and AY072227 to AY072241 for nosZ; AY072278 to AY072282 for nirS, AY072271 to AY072277 for nirK, and AF315426 to AF315433 and AY072265 to AY072270 for nifH.
RESULTS
DNA contents in the different layers of a forest soil. DNA isolation from the 5-, 10-, and 25-cm layers of the acid soil of an oak-hornbeam forest close to Cologne, Germany, was performed as described by Mergel et al. (26) . The typical banding pattern on a 0.7% agarose gel is shown in Fig. 1 . The DNA band at Ն12.2 kb showed little smearing, indicating that the isolation procedure did not degrade the DNA into small fragments. Two independent DNA isolations from the same soil sample gave approximately the same band intensities (Fig. 1) . Signal strength obtained for the isolated DNA decreased with the depth of the soil, which might reflect the lower number of bacteria in the deeper soil layers. The preparation at this stage contained a lot of RNA (band below 0.5 kb) and also other interfering material (below this band, marked with an asterisk in Fig. 1 ) which showed a yellow-greenish autofluorescence (probably mostly humic acids). When the DNA band was cut out and eluted, the ratio of the values at 260 and 280 nm was 1.4 Ϯ 0.2 (n ϭ 3). The yields from two different preparations were 15.1 and 15.4 g/g (fresh weight) of soil at the 5-cm layer and twice 2.1 g/g at 25 cm in the case of the Chorbusch soil. With the Villingen samples, the preparation yielded 9.7 Ϯ 1.2 g of DNA/g of soil (n ϭ 3) of the same purity in the 5-cm layer. Approximately 30% of the total DNA preparations were amenable to DNA amplification by PCR, irrespective of the soil used. Alternatively, when the DNA was purified with a UltraCleanSoil DNA kit (MoBio Laboratories, Solana Beach, Calif.), about 50% of the preparations could successfully be used for DNA amplifications but the yield was lower, e.g., only 0.7 Ϯ 0.1 g (n ϭ 3) per g (fresh weight) with the Chorbusch soil from the 5-cm layer and thus ϳ5% of that obtained by the method developed in our laboratory and described in reference 25. It must be kept in mind that the DNA quality might have an impact on the following sequence recovery efforts.
16S rRNA gene sequences of PCR products obtained with DNA isolated either from soils or from cultured bacteria. The region of the 16S rRNA gene amplified contained two hypervariable stretches (nucleotide positions N450 to N480, helix H17, and positions N600 to N640, helix H21), whereas the region from N500 to N530 located in H18 was strongly conserved (numbers refer to the nomenclature of Thermus thermophilus [45] ). The 350-bp gene segment was short enough to be sequenced in one single step but sufficient to provide the necessary information for phylogenetic analyses. All together, 45 randomly selected PCR products were sequenced: 31 of the amplification products obtained with DNA from the 5-cm layer of the Chorbusch soil, 10 from cultured bacteria from the same layer, and 4 from cultured bacteria from the Villingen soil. Sequences of all cultured bacteria except one were of monophyletic origin and belonged to the Bacillus/Paenibacillus clade (Fig. 2) . The one exception (isolate YC04) showed 77.2% identity to Acidobacterium capsulatum. Isolates AV01 to AV04 were 99.7% identical and thus might come from the same bacterial species since a difference of 0.3% might reflect a PCR amplification or a sequencing error in one position.
The sequenced PCR products obtained with isolated soil DNA showed a different picture. Out of a total of 31 PCR products, 16 belonged to the Acidobacterium phylum, as did isolate YC04. These 16 sequences could be divided into three different subgroups. One of these was apart from the other two. Eight other sequences bore a weak resemblance to those from ␥-proteobacteria in the proximity of Coxiella burnetii, Legionella waltersii, and Pseudomonas putida, whereas clones C6017 and C6054s belonged to the actinomycetes. Clones C6034, C6040, C6041, and C6057 stood apart but were distantly related to Anaerobaculum thermoterrenum (75.8 to 80.7% identity). However, the sequence identity to Desulfotomaculum spp., Nostoc spp., actinomycetes, or clostridia was nearly as high (73 to 79%). Thus, these clones might belong to an unknown bacterial clade. Clone C6A23 revealed the sequence of an ␣-proteobacterium with relatedness to Azospirillum. It should be stressed that none of the sequences, either from cultured bacteria or from the PCR products of the 16S rRNA gene, obtained with isolated DNA as the template, was identical with any sequence deposited in the data banks.
Sequences obtained both from bacteria isolated from the soils and from the clones of the PCR products from the soil DNA were compared with 59 GenBank sequences of the organisms listed in Fig. 2 . Each of the new sequences and its next most closely related sequence in the data banks were compared in pairs. The cultured bacteria from the Chorbusch soil had an average relatedness to their next most closely related neighbors of 98.6 Ϯ 1.8%, with maximal and minimal sequence FIG. 1. The DNA contents in different soil layers of an oak-hornbeam forest were extracted as described in Materials and Methods. The DNA extracted from 0.2 g (wet weight) of soil was blotted onto each lane. Samples were taken from 5-, 10-, and 25-cm depths. Parallels on these 0.7% agarose gels are for two independent DNA extractions from the same soil sample. The ‫ء‬ denotes the smear under the RNA band, due probably to humic acids and other interfering substances. Thus, in the 16S rRNA gene segment analyzed, the cultured bacteria were much more closely related to bacteria described in the data banks than were the PCR clones of the soil DNA, which might be mainly as-yet-uncultured bacteria. Some control experiments must be mentioned here. In the absence of template DNA, no PCR products were obtained under the conditions employed and with the primers for the 16S rRNA gene segment (also for the other genes mentioned below). The test for chimeric artifacts (23) indicated that all PCR products had nonchimeric structures, with the exception of clone AC01, which may consist of Paenibacillus macquariensis (nucleotides [nt] 1 to 130) and Bacillus macroides/Bacillus simplex (nt 131 to 323).
Sequences obtained for the nosZ gene encoding nitrous oxide reductase. The newly developed primer pair nosZ-F and nosZ-R allowed the amplification of a 700-bp segment coding for part of the Cu z and the Cu A catalytic domains and the Cu ligands His376, His437, Cys561, Cys565, and His569. All together, 69 cloned PCR products of the Chorbusch soil were examined, resulting in 32 different sequences. Of these, 20% gave unique sequences and 26% occurred twice. Sequences almost identical to those of CZ011C and CZ0143 were detected 10 times (maximal divergence, 4 nt), but these clones had no close relative among the cultured bacteria (Fig. 3) . A sequence closely related to that of Azospirillum irakense (98.6% identity with the total 700 bp sequenced) showed up seven times (with a maximal divergence of 9 nt). The phylogram (Fig.  3) for nosZ utilizes only 230 bp out of the 700-bp segment, since these 230 bp overlapped those used by Scala and Kerkhof (32, 33) . The phylogram contains all sequences available in the data banks and the data obtained from nine cultured bacteria and from 32 different PCR clones of soil DNA. None of the new sequences was completely identical with any already known. However, almost all sequences could be assigned to the Rhizobium, Azospirillum, or Pseudomonas group. Three different sequences shown in Fig. 3 clustered with Azospirillum irakense, which has already been found to be far apart from the other azospirilla also in its 16S rRNA gene sequence (18) . The sequences of CZ013A and CZ011E apparently were separated from that of any described bacterium. The primers nosZ-F and nosZ-R provided no amplification product with soil DNA from Villingen. Therefore, primer K11, located 4 bp upstream of nosZ-F (18), was used. The primer pair K11-nosZ-R resulted in 12 clones, all of whose sequences were related to that of Achromobacter xylosoxidans. Surprisingly, the primer pair K11-nosZ-R did not provide amplification products with DNA from the Chorbusch soil. It is not clear whether such problems in the amplifications are due to the DNA quality.
None of the 32 nosZ segments was more than 90% identical to their next most closely related neighbor in the data banks. The mean relatedness within the sequences from all cultured bacteria (including those deposited by us) was only 68% Ϯ 8%. This value was 71% Ϯ 11% for the clones obtained by PCR of soil DNA. These data refer to the approximately 700 bp of the nosZ-F-nosZ-R segment; the corresponding identities for the 230-bp part analyzed in Fig. 3 were 73% Ϯ 8% for the cultured bacteria and 78% Ϯ 8% for the clones from the Chorbusch DNA. This relatively low sequence identity might reflect the high diversity of the N 2 O reductase genes of the organisms of the Chorbusch soil. It is noteworthy that sequencing of two of the PCR clones with isolated DNA from the Chorbusch soil revealed non-N 2 O reductase sequences.
Sequences for nirS and nirK. Only a few sequences were obtained for nirS, which encodes the cytochrome cd 1 -containing nitrite reductase, and for nirK, which encodes the Cucontaining nitrite reductase. The nirS primers KA3 and KA25 gave a 700-bp gene segment containing the cytochrome d 1 binding domain and the strictly conserved His207. PCR products of the expected sizes were obtained with DNA of diverse laboratory cultures which were known to possess this enzyme (17, 25, 28 ) (see also Table 2 ). Using isolated DNA from the 5-cm layer of the Chorbusch soil, 15 out of the 40 clones obtained were sequenced. Surprisingly, 10 of them gave false, non-nitrite reductase sequences. Of the remaining five, a 357-bp-long sequence within the segment was analyzed. Three of the sequences showed distinct homology to that of Azospirillum brasilense, and the other two showed homology to Ralstonia eutropha (Fig. 4) . None of these partial sequences were found to have been deposited in the data banks.
The primers K15-F and K16-R (18), spanning a segment of 520 bp, were used for nirK. As positive controls, PCR products of the nirK segment were obtained with DNA from Azospirillum irakense KA3, Ochrobactrum anthropi LMG3331, Sinorhizobium meliloti Rm1021, and others (Table 2) . DNA from either the Chorbusch or the Villingen soil could be amplified with these primers. All together, 12 clones (10 from Chorbusch and 2 from Villingen) were sequenced. Of them, 10, including the 2 Villingen clones, provided remarkably similar sequences with 99.6 to 99.8% identity. Therefore, only clones CK091, CK090, and CK005 out of these 10 are listed in Fig. 5 . The sequences of the other two clones were 85.2% identical to each other, around 86% identical to the other 10 clones, and ap- (32, 33) . Their data are framed and shaded in light grey. The sequences of pseudomonads were used as an outgroup. The clone designations that are framed and shaded in dark grey are our sequences. Data for other items (scale bar, numbers at the branches) are as described in the legend to Fig. 2. proximately 89% identical to sequences in the data banks, in which the closest score is for Bradyrhizobium japonicum (Fig.  5) .
Evenness of the sequences obtained for nifH, which encodes nitrogenase reductase of N 2 fixation. Among the nitrogenase proteins, the NifH subunit is the most conserved. The primers nifH-R and nifH-F amplify the target nifH gene segment in a wide range of N 2 -fixing organisms (Table 2) . These include three different Frankia isolates (Fig. 6) . Out of the PCR products obtained, 16 originating from DNA of the 5-cm layer of the Chorbusch soil, 5 from DNA of the same layer from Villingen, and 5 from DNA of Chorbusch isolates from an enrichment in YEM were characterized by cloning and sequencing. The sequences showed that the nifH DNA segment had been amplified in all 26 cases. The clones CF001 (from Chorbusch) and VF003 (from Villingen) were identical (Fig. 6) . A sequence similar to that of CF001/VF003 was found in 12 clones, and the maximal divergence between any two sequences of this group was 0.6%. As a sequence divergence of 0.2% reflects an exchange of a single nucleotide in this 400-bp-long segment (without the primers), a difference of 0.6% or even less may be due to PCR amplification and/or sequencing errors but may not indicate a novel bacterial strain. The closely related sequences of CFY01 and CFY02 occurred six times, CF049 occurred three times in Chorbusch samples, and VF009 occurred twice in Villingen samples. Three sequences only, CF051, CF004a, and CF018a, were unique. The comparison by pairs revealed that the new different sequences had an average identity of 83.4% Ϯ 4.0%. They could be subdivided into three groups. Clone CF051 clustered with Azorhizobium caulinodans ORS 571; CF049 and VF009 clustered with Beijerinckia indica; and CF052, VF003, CFY02, and CFY01 bore some resemblance to ␤-proteobacteria. A single isolated clone, CF018a, grouped with the Rhodospirillum/Azospirillum cluster. It should be mentioned that none of the new sequences totally matched any deposited in the data banks. Two further, only partial sequences of YEM-grown isolates from the Chorbusch soil clustered with Azorhizobium caulinodans and Bradyrhizobium japonicum, respectively (not documented in Fig. 6 ).
DISCUSSION
In any attempt to characterize the microbial soil community, one is immediately faced with its enormous biodiversity. Apart from the fact that only an indeterminable percentage of the DNA from soil bacteria may be suitable for amplification by PCR, only a small fraction of the PCR products can be characterized by sequencing due to limitations with respect to time and funds. Therefore, clones can be selected only at random. In any approach like the present one investigators are imme- Although the bacterial population could not be characterized comprehensively, some unexpected results, partly apparently of general validity, emerged. All 31 sequenced 16S rRNA gene clones and even some of the isolates from Chorbusch soil came from bacteria that have not been described, as their sequences were not identical with any of the approximately 30,000 deposited in the data banks (including 20,000 sequences from cultured bacteria). The divergence in sequences of the 31 clones compared to those of the 59 selected from the database (Fig. 2 ) was 7.3% at a minimum and 26.5% at a maximum. This is far beyond PCR amplification and sequencing errors.
Each of the new 16S rRNA gene sequences was unique. However, some sequences were rather similar. Clones C6021 and C6038 had a sequence identity of 99.0%; thus, only 3 bases were exchanged. Such differences may be due to errors in PCR amplification and the cloning of closely related 16S rRNA gene sequences, which can cause up to a 1.2% divergence within 16S rRNA gene clone libraries (36) . If one assumes that the error in the sequence determination amounts to even 3%, 24 out of the 31 clone sequences were still different. Clones C6014, C6032, C6022, and C6057s were between 93 and 95% identical when analyzed in pairs. Such small differences may reflect that bacteria of such a habitat may be composed of a genetic continuum where isolates can hardly be differentiated into clearly separated species (37). It was not expected that exactly the same 16S rRNA gene sequence would show up twice. Even though a PCR with universal DNA primers amplifies the segment with different levels of efficacy in bacteria (38) , the biodiversity of the PCR products would still be enormous. If only 10% of the gene segments were amplified under the conditions employed, the complete analysis would require sequencing of 10 3 different PCR products of the ribotypes per g of soil. The high biodiversity in soils is also reflected by findings that 200 clones from a sandy loam soil yielded 73 different total-RFLP signals and 154 different RFLP patterns (11) .
The 16S rRNA gene sequences of the cultured isolates all belonged to bacteria of the Bacillus/Paenibacillus group. Bacteria of this group are common among culturable soil bacteria (22) . Sequencing did not reveal the occurrence of either rhizobia or pseudomonads and revealed the sequence of only one of the azospirilla in this soil; thus, their numbers may be small at the Chorbusch location. Their occurrence in this soil was, however, documented by employing primers specific for either azospirilla or rhizobia (C. Rösch, unpublished data). The major part of the PCR products obtained with the universal bacterial primers used in the present study belonged to members of the Acidobacterium phylum, to unknown ␥-proteobacteria, and to actinomycetes. The sequences of the PCR products around those of C6040 and C6057 were only distantly related to actinomycetes or to deep-rooted members of the Bacillus/ Clostridium group. Members of the Acidobacterium phylum and many of the actinomycetes are as yet uncultured or grow at best with a long generation time (30) . A similar abundance of bacteria of the Acidobacterium phylum and of actinomycetes in the soil microbial community of a wheat field in The Netherlands has recently been described (35) .
In contrast to the apparent richness in the 16S rRNA gene sequences, the PCR products from DNA of the Chorbusch soil were surprisingly uniform for nifH. Only one clone provided a unique sequence, whereas all of the other 25 could be subdivided into three groups with very similar sequences in each. The two PCR clones obtained from Villingen had sequences almost identical to those of Chorbusch samples, indicating a low level of species richness in the population of soil bacteria in the case of nifH. In the data banks, approximately 1,000 sequences are available for nifH, among which are also some from the actinomycete Frankia spp. The primers developed might allow PCR amplifications of nifH from all organisms, including Frankia spp. Thus, it is tentatively concluded that the actinomycetes and the members of the Acidobacterium phylum are non-N 2 fixers in such a soil unless sequences were present in the DNA but not recovered by PCR. A previous study (26) showed that N 2 -fixing bacteria predominantly occur in the upper soil layer and are estimated to make up ϳ5% of the total bacterial population. A similar low level of diversity in nifHpositive bacteria was also found in a soil of a Douglas fir forest in Oregon, where 64 nifH clones provided only 13 RFLP patterns (44) .
Two more specific observations with nifH are worth mentioning. Isolate YC06 grown in YEM is most closely related to the noncultured clone NIW 4-4 (21), both of which cluster with Azospirillum (Fig. 6) . Four nearly identical sequences have now been reported for clones CF001, CF052 (both from Chorbusch), VF003 (from Villingen), and HT1901 (from the North Pacific Ocean close to Hawaii [46] ), suggesting a broad distribution of some N 2 -fixing species.
With nosZ, the biodiversity was higher. Out of the 69 sequences analyzed from the Chorbusch soil, 32 were different. However, the nine from the Villingen soil were almost identical. All sequences were related to those from proteobacteria and did not cluster in groups apart, in contrast to the situation with the 16S rRNA gene segment. In line with this, for nosZ, the data banks do not contain any sequence next to actinomycetes and the Acidobacterium phylum. Thus, these groups of organisms might not be significant contributors to denitrification and N 2 fixation in such soils unless they possess unusual genes or have acquired proteobacterial genes by lateral gene transfer. Our 700-bp PCR product overlapped by 230 bp those of the Atlantic or Pacific coast (32, 33) . The sequence information in these common 230 bp was sufficient to combine the data for a joint phylogram for nosZ (Fig. 3) . The phylogram derived from the longer (700-bp) segment closely matched the one constructed from the 230-bp sequences shown in Fig. 3 , with the exception that the clusters for Azospirillum and Rhizobium were more distinctly resolved in the 700-bp comparison (C. Rösch, unpublished data). In the case of the marine sediments (32, 33) , the sequences clustered monophyletically, with the exception of ProL. The sequences from the Chorbusch soil were more diverse and remarkably did not overlap those of any from the marine sediments of the Pacific and Atlantic coasts. Thus, the occurrence of bacteria possessing the N 2 O reductase gene is seemingly habitat specific, although the geographical distance might not to be neglected.
Previous DNA-DNA hybridization experiments with probes for either the cytochrome cd 1 -or Cu-containing nitrite reductase showed that bacteria with these genes occur in both the Chorbusch and the Villingen soil, with a possible enrichment of bacteria with the Cu enzyme in the bulk, root-free soil (25, 26) . For both genes, the DNA probes hybridized and the primers provided amplification products with target DNA of a whole range of culturable bacteria (17, 18, 25, 26) . Unexpectedly, in the case of nirS, false PCR products were obtained for 10 out of 15 clones. The rest, however, showed strong sequence homologies to nirS, and all were next most closely related to the gene from Ralstonia eutropha and Azospirillum brasilense. Such a problem with false amplification products occurred occasionally in the case of nosZ but not with other genes. Primers recently developed by others (4, 5) may well be more suited for assessing the occurrence of nirS in bacteria and possibly also in soil DNA. In the case of nirK, the 10 clones from Chorbusch and 2 clones from Villingen soil DNAs showed strong sequence identities among them, which casts doubt as to whether the population of bacteria with nirK has been assessed representatively under the conditions employed. However, the biodiversity of bacteria with this gene was reported to be low in marine habitats as well (3) . The unexpected outcome of this study is that the sequences obtained here were new for each gene, but this reflects the enormous biodiversity in such soils. At the beginning of this study in the spring of 2000 we were faced with the problem that only a few sequences of the denitrification genes were available in the data banks, e.g., in the cases of both nitrite reductases. Thus, it was difficult to find universal primers recognizing the target genes in all organisms. As the new sequences obtained here were deposited into the data banks and as the sets for the genes are currently increasing almost monthly, it should be possible to develop primers of motifs conserved in all organisms which might allow us to more widely screen for the distribution of functional genes in diverse habitats in the near future. Studies similar to the present attempt for soils will help us to understand structure-function relationships in environments with complex biodiversities.
